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A systematic study of Bi2Sr2Ca1xPrxCu2Oy, where x ¼ 021:0; was undertaken to determine growth parameters,
crystal properties as well as the phase compositions. Single crystals were grown using the traveling solvent ﬂoating zone
method. The dimension of single crystals with actual doping ratios x from 0.2 to 0.7 were typically
5mm 3mm 0.2mm. Large single crystals of Bi2Sr2PrCu2Oy (x ¼ 1:0), typically 10mm 3mm 0.2mm, were
successfully grown. These crystals contained no impurities and showed a clean X-ray diffraction pattern of the pure Bi-
2212 phase. A planar interface was observed, indicating that a stable growth condition was established before zone
quenching. As the Pr-doping level increased, the liquidus composition shifted pronouncedly to the corner of CuO in the
pseudo-ternary BiO1.5-(Sr,Ca,Pr)O-CuO phase diagram. Therefore, the solidus composition, Bi1.965Sr2.046Pr1.096-
Cu1.894Oy, and liquidus composition, Bi2.17Sr1.92Pr0.31Cu2.60Oy, were obtained by energy dispersive X-ray analyzer
measuring.
r 2004 Elsevier B.V. All rights reserved.
PACS: 81.10.Fq; 74.72.Hs; 74.25.Dw; 47.20.Ma
Keywords: A1. Phase diagrams; A2. Traveling solvent zone growth; B1. Bi-2212; B2. Oxide superconducting materials1. Introduction
Bi2Sr2CaCu2Oy (Bi-2212) has received extensive
attention since the discovery of high-Tc super-
conductors [1–3]. Identifying the role of each
constituent in superconducting compounds pro-
vides an indirect route of recognizing the origin ofonding author.
address: d867514@oz.nthu.edu.tw (K.W. Yeh).
$ - see front matter r 2004 Elsevier B.V. All rights reserve
6/j.jcrysgro.2004.04.126superconductivity. Among them, cation substitu-
tion of Ca in Bi-2212 compound has been studied
extensively [4–18]. For example, it has been
reported that the superconducting temperature of
Bi-2212 was reduced by replacing Ca with other
rare earth elements, such as Gd3+ [4,5], Ce3+ [6]
and La3+ [7,8]. In particular, the Pr-substituted
cuprate was found to show some anomalies on its
antiferromagnetic transition temperature [9–11].
The real cause for such phenomenon has not beend.
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line Pr-doped Bi-2212 samples used in the studies
are often found to be inhomogeneous [12–16].
More recently, some attention has been focused
on the growth of single crystals. High-quality
single crystals are indispensable for anisotropic
physical measurements, such as CuO2 interlayer
coupling and carrier concentration. The studies by
Sun et al. [17,18] have reported on the growth of
Bi2Sr2(PrxCa1x)Cu2Oy using a BiO1.5-rich self-
ﬂux by the slow-cooling method and investigated
the modulation and superconductivity of single
crystals with actual doping levels x ¼ 020:78: The
studies indicated that as the doping level increased
from x ¼ 0 to 0.78, the crystal size decreased from
8mm 3mm to 1mm 1mm. Furthermore, with
nominal compositions of doping level x greater
than 0.7, the grown crystals are of the Bi-2201 and
the Bi-2222 phase. Up to now, single crystals of
higher Pr-doping ratios and complete substitution
have not been obtained.
In this article, we report the growth of Bi2Sr2(Prx-
Ca1x)Cu2Oy single crystals by the traveling solvent
ﬂoating zone (TSFZ) method. The TSFZ method
prevented the high-temperature melt from reacting
with the crucible. Moreover, at steady state, the melt
zone will assume the liquid composition in equili-
brium with the solid. Therefore, this technique
provided a direct path to recognize the equilibrium
liquidus composition by measuring the steady-state
melt zone. In our earlier study, the same approach
has been applied to deﬁne a BiO1.5-rich primary
crystallization ﬁeld (PCF) of the Bi2Sr2CaCu2Oy
compound [19,20]. Therefore, successfully growing
the Pr-substituted Bi-2212 crystals would have to
determine the equilibrium relations between the
solidus and its corresponding liquidus of the phase
diagram. This work, for the ﬁrst time, obtained
Bi2Sr2(PrxCa1x)Cu2Oy single crystals of higher
doping ratios and Bi2Sr2PrCu2Oy single crystals. It
also identiﬁed the PCF of the Pr-doped Bi-2212
cuprate.2. Experimental procedure
Single crystal growths were carried out in an
infrared radiation furnace (model 15HD, NECNichiden Machinary) equipped with two 1.5 kW
halogen lamps positioned at the foci of two
ellipsoidal mirrors. The melt with a solvent
composition was suspended by surface tension
between the upper feed rod and lower seed rod (or
solvent rod). Crystallization occurred at the
growth front between the lower solvent rod and
the melt and the seed crystal was formed in front
of the lower rod. Crystal growth was then
commenced when both rods were simultaneously
lowered at the same rate. Adjusting the power of
the lamps could precisely control the temperature
of the molten zone. The crystal growths were
carried out in an enclosed quartz tube where
controlled oxygen pressures could be applied.
Growth atmosphere in the chamber maintained
constant at 1 atm, and low oxygen pressure was
controlled by the ﬂow of a mixed gas
(Ar:O2=13:1). The feed and seed rods rotated in
opposite directions to provide well mixing in the
molten zone.
The feed rods for the crystal growth were
prepared by the conventional solid-state method.
Nominal compositions of Bi2.09Sr2(PrxCa1x)
Cu2.02Oy and off-stoichiometric ratio Bi0.325Sr0.29
(PrxCa1x)0.145Cu0.24Oy were varied in the range of
0pxp1:0: Powder materials of 99.99% purity
Bi2O3, SrCO3, Pr6O11, CaCO3 and CuO were
mixed in an agate mortar for 12 h and then
calcined at 800C for 48 h with intermittent
regrinding. The calcined mixture was reground
into ﬁne powders, pressed into a rubber tube under
a hydrostatic pressure of 600 kg/cm2 and sintered
at 850C for 48 h. Prior to the crystal growth run,
the high density feed rod was obtained by zone-
passing the rod at a rapid rate of 20mm/h, then
the solid–liquid interface could be held more stable
during the succeeding crystal growth process
because a penetration of the molten liquid into
the grain boundaries of the feed rod was reduced.
After growth stabilized at a slow growth rate of
0.2mm/h and several centimeters of crystal was
obtained, the lamp power was switched off to
quench the molten zone.
A Rigaku Rotaﬂex RU-300 X-ray powder
diffractometer with CuKa X-ray source was used
to investigate the phase purity and the lattice
constant of crystals. The c-axis length of the
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polation [21] with 2y values of ð0 0 2 0Þ; ð0 0 2 2Þ;
ð0 0 2 6Þ; ð0 0 2 8Þ and ð0 0 3 0Þ diffraction peaks.
This extrapolation procedure gave an accuracy of
better than 0.001 (A. The quantitative analyses
were calibrated with an amorphous material (as
prepared by splat-quenching) as the standard, with
the nominal composition Bi2Sr2(Pr0.5Ca0.5)Cu2Oy.
An inductively coupled plasma atomic emission
spectrometer (ICP-AES) analyzer (Perkin-Elmer
300DV) was used to measure the quenched zone
compositions. The concentration of the well-mixed
nitric solution was optimized for ﬁtting the ionic
concentration of each element into the linear
measurement range. The accuracy of the ICP-
AES measurement is within 3% of the amount
present. To further reveal the surface morphology
as well as the compositions, a Joel JSM-840A
high-resolution scanning electron microscope
equipped with Link MK6B energy dispersive X-
ray analyzer (EDX) was utilized. The character-
istic peaks of each element, Bi3+-La, Sr
2+-La,
Pr3+-La, Ca
2+-Ka, and Cu
2+-Ka were chosen.
And in doing so, a relative error of less than 2%
was obtained.T
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.43. Results and discussion
3.1. Crystal growth and characterization
In the growth experiments, the Bi2.09Sr2(Prx-
Ca1x)Cu2.02Oy and off-stoichiometric ratio
Bi0.325Sr0.29(PrxCa1x)0.145Cu0.24Oy were, respec-
tively, selected as the starting feed and the solvent
compositions. For comparison, a typical example
in preliminary studies of the Bi2Sr2CaCu2Oy
(x ¼ 0) growth [20] is listed as the run number
C0 in Table 1. Run numbers from P1 to P5 in
Table 1 represent, respectively, the growths of the
doping ratio x ¼ 0:1; 0.2, 0.5, 0.7 and fully
substituted x ¼ 1:0: A series of single crystals,
typically 5mm 3mm, containing no impurities
as veriﬁed by X-ray diffraction and EDX measur-
ing, were successfully grown. This work for the
ﬁrst time obtained Bi2Sr2(PrxCa1x)Cu2Oy single
crystals of higher doping ratios (x > 0:7) and
Bi2Sr2PrCu2Oy single crystals.
ARTICLE IN PRESS
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the quenched zone by a stereoscope, the freezing
interface of P5 (x ¼ 1:0) did breakdown into a
cellular interface. The composition of the
quenched zone was analyzed by examining the
axial cross-section. After the growth, the melt
composition signiﬁcantly changes to a CuO-rich
composition of Bi0.308Sr0.281Pr0.042Cu0.369Oy. In
order to achieve steady-state growth, this highly
CuO-rich composition of Bi0.308Sr0.281Pr0.042-
Cu0.369Oy was selected for the solvent rod, and
the crystal composition of Bi2.029Sr2.048Pr1.025-
Cu1.897Oy was selected for the feed rod. After P6
growth, in which a constant shape and volume of
the zone was maintained, larger crystals of
approximately 10mm 3mm were produced with
signiﬁcantly improved crystallinity. Typical single
crystals of x ¼ 1:0 are shown in Fig. 1. The growth
front was planar, which indicated that a stable
growth condition had been established before zoneFig. 1. A photograph of some Bi2Sr2PrCu2Oy single crystals.
The actual size of a square in the background is 1mm 1mm.quenching. The composition of the quenched zone
was measured to be Bi0.323Sr0.278Pr0.049Cu0.350Oy,
close to the nominal one. Besides, the crystal
composition of Bi1.965Sr2.046Pr1.096Cu1.894Oy was
almost identical to the nominal composition of
feed rod within the error of EDX technique. It is
suggested that steady-state growth conditions are
established; consequently, this CuO-rich melt
would correspond to the nominal liquidus, which
is in a tie-line relationship with the crystalline
solidus in the Pr2212 system. It is noteworthy that
the precise control of the solvent compositions is
critical for stabilizing the growth interface as well
as enhancing the purity of the crystallized phase.
EDX measurements, both in parallel and
perpendicular to growth axis of some P1 and P2
crystals with lower doping levels (x ¼ 0:220:33),
revealed that the concentrations of Bi, Sr and Cu
were uniform. Among 20 sampling points of every
100 mm spacing, the standard deviation of each
element was within 1.5%. However, deviations
were more than 20% for both the Ca and Pr
contents in the direction of the growth axis. In the
experiments of low x-value, the Pr ionic content
changed signiﬁcantly in front of the growth
interface. On the other hand, in those experiments
with x-value larger than 0.5 (P3, P4) and equaling
1.0 (P5, P6), the compositional discrepancies of all
elements in the compound were all less than 2%.
Therefore, crystals displayed excellent uniformity
and crystallinity. A striking feature here is that
crystal growths of higher doping ratio were much
more stable than those of lower doping ratio, and
at the same time the crystal quality of the former is
better than that of the latter.
A signiﬁcant difference between nominal and
crystal compositions with respect to Ca/Pr ratio
can be observed from the column of the crystal
composition in Table 1. The crystal x-value was
obviously larger than the nominal x-value, and
this tendency was similar to the previous reports
[17]. Moreover, the Cu content of the Pr-doped
crystals was observed at about 27mol% and
displayed a large difference of 1–2mol% lower
than the undoped crystals. The Bi content in the
higher doping crystals was also deﬁcient compared
to that in lower Pr-doping crystals. These above
results would suggest the possibility that Pr atom,
ARTICLE IN PRESS
Fig. 3. Linear dependence of the c-axis length with Pr-doping
ratio x for the Bi2Sr2(Ca1xPrx)Cu2Oy single crystals. For
crystals at x ¼ 0 and 1.0, the solid rectangles represent the
average and the error bars represent the standard deviation.
The standard deviation equals around 0.015 (A of x ¼ 1:0 and
0.03 (A of x ¼ 0: The open triangles stand for the results of Sun
et al. [17].
K.W. Yeh et al. / Journal of Crystal Growth 269 (2004) 505–511 509which has a smaller ionic radius, could occupy
some Cu and even Bi atomic sites, and gained
easier entry into the BiO-SrO-CaO-CuO layer
structure than Ca atoms.
The X-ray diffraction pattern of the Bi2Sr2Pr-
Cu2Oy single crystals is plotted in Fig. 2. In this
plot, only (0 0 l) diffraction lines appear. No peaks
of impurities such as the Bi-2201 are observed,
thus displaying a single crystalline Bi-2212 phase.
Hence, using a ﬁtting method with the Nelson–
Riley function, the c-axis length was estimated as
30.345 (A. The relations of Pr-doping ratio x and
the crystal c-axis length are then plotted in Fig. 3.
Except for the larger distributions at x ¼ 0; which
indicates a larger solid-solution range of the
Bi2(Sr, Ca)3Cu2Oy compound [20], the data show
a simple regression y ¼ 30:8860 0:5413x; dis-
playing a linear decrease of the c-axis length as the
Pr-doping level x increases. However, contrary to
the results of Sun et al. [17], their crystals display a
larger slope at higher doping levels
(x ¼ 0:4520:78). The anomalous features in the
change of structural parameters c with the Pr
content (x ¼ 020:78) were observed to have a
jump at x ¼ 0:45: The reason is required for
clarifying, nonetheless, from our compositional
point of view, that the unstable growth experi-
ments with higher Pr-doping levels by the slow-
cooling method were due to the unsuitable BiO1.5-Fig. 2. A typical X-ray diffraction pattern of a Bi2Sr2PrCu2Oy
single crystal. By the Nelson–Riley calibration, the correspond-
ing lattice spacing d value of each (0 0 l) diffraction peak was
extrapolated the diffraction angle y to 90, and then the c-axis
length of this single crystal was estimated equaling 30.345 (A.rich ﬂux compositions. The detailed compositional
range will be discussed in Section 3.2.
3.2. The investigation of phase diagram
A precise quantitative analysis is required for
analyzing the phase diagram. Both the EDX and
ICP quantitative analyses were speciﬁcally cali-
brated by an amorphous standard with a nominal
composition of Bi2.09Sr2(Pr0.5Ca0.5)Cu2.02Oy. It
should also be noted that in measuring the
quenched zone composition that is fairly distant
from the solid-solution region, the compositional
differences between EDX and ICP were within
3%. For purposes of discussion, a representation
of the equilibria will take the form of the pseudo-
ternary composition triangle shown in Fig. 4,
composed of the isothermal section BiO1.5-(Sr,Ca,
Pr)O-CuO at approximately 900C. This triangle
has, as two of its vertices, BiO1.5 and CuO. The
third vertex represents the combined concentration
of SrO, CaO and PrO. The compositional dis-
tributions in crystal, as described in Section 3.1,
displayed lower Cu and Bi contents with higher x:
The composition of the molten zone, starting
from a nominal composition, gradually adjusted
to PCF as the zone stabilized in a controlled
TSFZ growth. Starting with a BiO1.5-rich and
ARTICLE IN PRESS
Fig. 4. The pseudo-ternary (Sr,Ca,Pr)O-BiO1.5-CuO phase
diagram of the Bi2Sr2(Ca1xPrx)Cu2Oy oxide system. The
ellipse represents the solid-solution region of the Bi2Sr2Ca-
Cu2Oy [20]. Crystals with high doping levels (x > 0:5) were
displayed as solid triangles, and crystals with lower doping
levels were displayed by solid rectangles. The large solid circles
represent the quenched zone compositions of each nominal
doping level x (0.2, 0.5 and 1.0). By comparing between ICP
and EDX analysis, the center of solid circles represents the
average composition, and the diameter of the solid circles
stands for the deviation.
K.W. Yeh et al. / Journal of Crystal Growth 269 (2004) 505–511510CuO-deﬁcient composition in the phase diagram,
both ICP and EDX results indicated that while the
Pr-doping level x increased, the corresponding
liquidus composition shifted pronouncedly to the
BiO1.5 and CuO-rich side of the phase diagram.
The trace, from the starting solvent to PCF of
22Pr2, is clearly shown in Fig. 4. Furthermore,
when x increased, the Bi content decreased slightly
while Cu concentration showed a pronounced
increase. Therefore, the greatly differed composi-
tional variation between the nominal and the
quenched zone in P5 growth (x ¼ 1:0) may
account for the thinner grain cells at the growth
interface and instabilities during crystal growth. It
should be pointed out again that after using the
equilibrium solvent composition Bi2.17Sr1.92Pr0.31-
Cu2.60Oy in P6 growth, a nearly planar growth
interface was obtained. Besides, the composition in
the quenched zone was close to the nominal one.
This compositional range around Bi2.17Sr1.92Pr0.31-
Cu2.60Oy should be relatively close to the PCF for
the Bi2Sr2PrCu2Oy compound. The detailed com-positions of the quenched zone with different x are
listed in Table 1. This compositional range, which
has been normally considered with a higher
melting point, was determined to have mixed
phases consisting of Bi-2212, Bi-2201 and CuO
[22,23]. A striking feature here is that in the Pr2212
systems, we propose CuO-rich PCFs as eutectics
with lower melting points.
It was interesting to note that the Pr concentra-
tion (P2, P3, P5) remaining in the molten zone was
much lower than the nominal one. One possible
reason could be that the large segregation coefﬁ-
cient (kPr ¼ 3:29) led to a higher Pr concentration
in crystal than in the molten zone. This signiﬁcant
compositional difference may gave resulted in the
ﬂuctuation of Pr atomic concentration in front of
the freezing interface, and thereby led to the axial
uniformity of as-grown crystals. As previously
mentioned in our observations, this phenomenon
also seriously affected the stability of the crystal
growth, especially that of smaller x-values. Repla-
cing the feed rod’s composition obtained from the
as-grown crystal of P5, the stability was estab-
lished in P6 growth (x ¼ 1:0) and by doing so, the
Pr mole ratio of the melt zone (4.925%) was found
close to the nominal one (4.451%). Therefore, it
suggests that thorough understandings of the PCF
of varied doping levels are necessary for the
successful growth of high-quality crystals.4. Conclusions
For the growth of large single crystals of Bi-
2212 family with a homogeneous composition and
uniform physical properties, developments of a
reproducible growth method and investigation of
the phase diagram are crucial. High-quality single
crystals of Bi2Sr2(PrxCa1x)Cu2Oy of approxi-
mately 5mm 3mm 0.2mm and single crystals
of Bi2Sr2PrCu2Oy (x ¼ 1:0) of typically
10mm 3mm 0.2mm were obtained from the
TSFZ-grown boule. The solvent composition
within the melt in the TSFZ experiments would
approach the liquidus composition that corre-
sponds to the grown crystal at a steady state. The
primary crystallization ﬁelds relative to Bi-2212
solid-solution region were found to locate nearer
ARTICLE IN PRESS
K.W. Yeh et al. / Journal of Crystal Growth 269 (2004) 505–511 511to the BiO1.5 and CuO-rich side in the phase
diagram. At a sufﬁciently slow growth rate, a
stable composition within the zone and a planar
growth front were maintained at a stable crystal-
lization temperature. Larger crystals of better
quality can thus be obtained.Acknowledgements
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